Construction and demolition materials account for a major proportion of the waste materials present in landfills in Australia. Crushed brick and crushed rock are, however, viable substitute materials for natural resources used as construction materials in engineering applications. Crushed brick is one of the major components of demolition materials. The crushed rock used in this study originates from 'basalt floaters' or surface excavation rock (basalt), which commonly occurs near the surface to the north and west of Melbourne, Australia. The engineering characteristics of various proportions of crushed brick blends with crushed rock obtained from extensive laboratory testing are presented in this paper. The engineering properties obtained were compared with existing local road authority specifications for pavement sub-base or light-duty base material and backfill material for drainage systems to ascertain the potential use of crushed brick blends. The materials for the experimental works were collected from a recycling facility in Victoria, Australia.
INTRODUCTION
Recycling and reuse of waste materials is a topic of global concern and great international interest. The urgent need for recycling is driven mainly by environmental considerations, due to the increased scarcity of natural resources and the increasing cost of landfill in most countries. Construction and demolition (C&D) materials are generated as a result of regeneration of infrastructure and demolition activities, and contribute to the major proportion of waste materials present in landfills in Australia. Recycled crushed brick and low-quality crushed rock are viable substitute materials for natural construction materials in engineering applications such as pavement sub-base material. Some countries have been using recycled C&D materials in civil engineering applications but there is still scope for wider engineering applications of such recycled materials. Poon and Chan (2006) investigated the possibility of using recycled concrete aggregates and crushed clay bricks as aggregates in unbound sub-base materials in Hong Kong. The use of 100% recycled concrete aggregate increased the optimum moisture content and decreased the maximum dry density of the sub-base materials compared with those of natural sub-base materials. In addition, the replacement of recycled concrete aggregates by crushed clay bricks further increased the optimum moisture content and decreased the maximum dry density. Poon and Chan also reported that the California bearing ratio (CBR) value decreased with increasing coarse clay brick content. However, it was feasible to blend recycled concrete aggregates and crushed clay brick to produce a sub-base with a soaked CBR value of at least 35, which is a minimum requirement in Hong Kong.
In Victoria, Australia, the total amount of recovered waste material was recorded as 6 . 13 Mt in [2005] [2006] and around 60% of solid wastes were recycled over that period (Sustainability Victoria, 2007) . In the state of Victoria, more than three quarters (77% by weight) of the waste material mainly originated from C&D activities (51% by weight), followed by waste from commercial industry activities (26% by weight). C&D material in Victoria accounts for 47% of all material (by weight) recovered, followed by metals (24%). Furthermore, concrete was the major component of C&D material by weight, representing 60% of the total followed by rock/excavation stone (14%), brick/brick rubble (13%) and asphalt (5%). These materials could be used as alternatives to quarry-based products for works such as roads, footpaths, bridges and other civil engineering projects.
In Melbourne, Victoria, soils are commonly classified into nine types. Heavy clay on younger basalts is one of these soil types and in regions where these are found, outcrops of basalt rock known as 'basalt floaters' occur extensively ( Van de Graaff and Wootton, 1996) . The crushed rock used in this study originated from basalt floaters or surface excavation rock (basalt), which commonly occurs near the surface to the west and north of Melbourne. Traditionally, this material would have been discarded as waste, often into landfill. However, because this rock is generally hard and durable, the local authority for road works in Victoria has allowed (under controlled conditions) its use for pavement sub-base and other uses. The rock is often encountered in sub-divisional excavation for residential properties and in excavation works for drainage lines as well as other sub-surface infrastructure. This paper primarily focuses on crushed brick and crushed rock blends and their applicability and usage as a pavement sub-base or light-duty base material and as bedding and backfill material for drainage systems based on laboratory tests carried out in Victoria, Australia. The engineering properties of crushed brick with and without blending with crushed rock were investigated Table 2 presents the before-and after-compaction grading limits for 20 mm crushed rock (class 3) sub-base in flexible pavements as specified by VicRoads (1995).
Bedding and backfill material
Melbourne Water is the authorised governing body for local drainage systems in the state of Victoria and classifies backfill and bedding material as grade A and grade B material. The specifications for the supply of crushed rock to Melbourne Water work sites are summarised in Tables 3 and 4 ( Melbourne Water, 2001 ).
METHODOLOGY AND EXPERIMENTAL WORK
Samples of crushed rock and crushed brick were collected from Alex Fraser Group's recycling site at Laverton North, Victoria, located approximately 20 km to the west of Melbourne, Australia. The laboratory tests on mixtures of crushed brick and crushed rock (class 3) were conducted at Swinburne University of Technology, Melbourne. A suite of blended mixtures of crushed brick and crushed rock was tested for particle size distribution, modified compaction, particle density, water absorption, CBR, Los Angeles abrasion, Atterberg limit, pH, organic content, 10% fines (wet and dry strength) and fines content. The crushed brick and crushed rock (class 3) had a maximum aggregate size of 20 mm. The blend mixtures were prepared by hand-mixing to the required percentages by weight.
Crushed brick from this site typically consists of 70% brick and 30% other materials such as asphalt, concrete and rock.
The laboratory tests were undertaken in accordance with specifications published by Standards Australia (1999 Australia ( , 2000 . As pavement sub-base is subjected to heavy loading, modified compactive effort was used to find the maximum dry density and optimum moisture content. In modified compaction, the weight of the hammer and the drop of the rammer are both higher than those used in standard compaction. A cylindrical mould (internal diameter 105 mm, effective height 115 . 5 mm) was used for modified compaction tests. The blends were compacted into the mould in five layers each and compacted with 25 blows of a 4 . 5 kg rammer falling freely from a height of 450 mm.
California bearing ratio is a common bearing capacity test for pavement materials. As is common practice, the test samples were soaked in water for four days to simulate the worst scenario. In the modified CBR tests, samples were placed in a cylindrical mould (internal diameter 152 mm) and compacted in five layers, totalling an effective height of 117 mm by using a spacer disc inserted into the mould before compaction. Modified compactive effort was also used here as modified CBR values are applicable for pavement sub-base testing. Particle density and water absorption tests were undertaken on both coarse (retained on a 4 . 75 mm sieve) and fine (passing a 4 . 75 mm sieve) material. The physical characteristics of crushed brick blends with crushed rock (class 3) obtained from the laboratory tests are summarised in Table 5 . Two sampling series (series 1 and series 2) were undertaken several months apart and tests were repeated in the second series of sampling as indicated in Table 5 . Particle size distribution tests for crushed brick blended with crushed rock (class 3) undertaken prior to and after compaction are summarised in Tables 6  and 7 .
As crushed brick originates from brick elements of structures, it contains cement mortar bonded to the brick. This cement mortar and fine clay brick particles increase the water absorption properties. The pH value of all the blends was over 7, indicating that the blends are alkaline by nature.
COMPARISON OF RESULTS

Pavement sub-base
The before-compaction grading limits of all blends as compared with VicRoads requirements for 20 mm class 3 crushed rock are shown in Figure 1 and are within VicRoads lower and upper bound limits for sub-base application. The grading curves of blended aggregates follow a well-graded particle size distribution, which indicates that smaller particles will fit into the voids created between larger particles and result in tight packing. This increases the workability and mix density of the blends thereby increasing their strength.
The after-compaction grading limits of all blends compared satisfactorily with VicRoads requirements for class 3 crushed rock sub-base in flexible pavement (Figure 2 ). The before-and after-compaction grading limits of the crushed rock blends show that little breakdown occurs during compaction other than that which would normally be experienced with a standard subbase material. This breakdown tends to occur mainly in crushed brick as it is weaker than crushed rock. This would suggest that a higher limit of 30% crushed brick could be added to the crushed rock mixes without any significant loss of performance taking into account breakdown during compaction. The crushed rock blends appear to remain well graded through the compaction process and this will generally aid compaction.
As the clay content in all the blends was low, the plastic limit and liquid limit could not be obtained. This is because the Atterberg limit is directly related to clay mineralogy. The low clay levels may mean that some difficulties may occur with the workability of the crushed rock blends because cohesion of particles and a 'tight' prepared surface is usually a desirable characteristic.
The 10% fines value (wet and dry strength) test is an indicator of the durability of materials in saturated and completely dry conditions. The values of blends tested did not vary significantly between the saturated condition and completely dry condition, and this indicates that little breakdown occurred in the coarse fraction of the blend. Materials with a wet and dry strength variation of less than 35% are considered durable (Lay, 1998) . The 10% fines values (wet and dry strength) showed low variations (less than 15%) for a number of the blends studied.
Los Angeles abrasion test values are a useful indicator of durability and hardness of aggregates during crushing and compaction. The values achieved on the blended samples were within the VicRoads specified limit of 35 for a sub-base pavement material.
The CBR values of crushed brick and crushed rock (class 3) blends are shown in Figure 3 ; the values were above 90%, which in turn is above the 80% requirement stipulated by VicRoads. Series 1 and series 2 data denote two separate sampling periods (three months apart from two different stockpiles) for quality control purposes. As series 1 and 2 sampling and testing were undertaken several months apart, the quality of aggregates may vary depending on their source. Blend 85CR3 of series 1 shows high a CBR value when compared with the other blends in series 1; this could be due to segregation of aggregates during compaction or minor fluctuations in the experimental works.
The results achieved are acceptable and, along with other test results, indicate that the addition of varying percentages of crushed brick to crushed rock blends has little or no effect on overall performance. The laboratory test results indicated that potentially up to 30% crushed brick could be safely added to crushed rock (class 3) blends for pavement sub-base application.
Bedding and backfill for drainage systems
The laboratory test results were also compared with local specifications for bedding and backfill material. The grading curves of all blends as compared with Melbourne Water specifications for grades A and B material are presented in Crushed brick blends with crushed rock for pavement systems Aatheesan et al. Figure 4 and Figure 5 respectively. The grading limits of all blends for grade A and grade B bedding and backfill material were found to be within the Melbourne Water specified lower and upper bounds, although some grade B finer particles were just on the limit.
CONCLUSION
The laboratory testing undertaken in this research has revealed that incorporation of crushed brick into basaltic crushed rock (class 3) has a 'low to minimal effect' on the physical and mechanical properties of the original material. The grading limits of all the crushed brick blends studied, before and after compaction, were also within VicRoads specified upper and lower bounds for crushed rock (class 3).
The laboratory test results indicate that potentially up to 30% crushed brick could be safely added to crushed rock (class 3) blends for pavement sub-base application. VicRoads initially recommended up to 15% of crushed brick content in crushed rock (class 3) blends, but has stated that -depending on the results of field trials -it may be possible to increase the percentage of crushed brick added in the future. 
